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Abstract

This paper reports the results of numerical calculation of the output signal intensity emitted from a nanometer-sized
particle (NP) located at the center of the surrounding NPs. A blown-up quantum walk model is used for these calculations.
When the number of these NPs is as small as 4-6, the output signal intensity shows a drastic increase. This increasing
feature agrees with the experimental results and implies that the dressed-photon—phonon autonomously transfers in a

microscopic system composed of a small number of NPs, which is a typical off-shell scientific phenomenon.
1. Introduction

A dressed photon (DP) is a quantum field created by the interaction between photons and electrons
(or excitons) in a nanometer-sized particle (NP) under light irradiation. The created DP localizes at
the NP. It is an off-shell quantum field because its momentum has large uncertainty due to its
subwavelength size [1, 2].

Since the DP creation originates from the light—matter interaction in a microscopic space, a
spacelike momentum field must be introduced into the electromagnetic field theory. This has recently
been successful in off-shell science, allowing physical pictures of the creation process to be drawn.
These successful pictures have revealed the following [3,4]:

(1) A microscopic material field (a timelike momentum field) interacts with a vector boson field.

(2) In addition to a stable pair of Majorana fermions (a spacelike momentum field), an unstable pair
consisting of a Majorana particle and anti-particle (timelike momentum fields) is created.

(3) Although this unstable pair annihilates within a short time duration, a novel light field (a timelike
momentum field) remains at the microscopic material. This is the DP.

Furthermore, the DP couples with a phonon to create a new quantum field, named a dressed-

photon—phonon (DPP). The spatial behavior of the transfer of this created DPP was analyzed by using
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a quantum walk (QW) model [5], and the results of this analysis agreed well with experimental results
[6-12]. This paper reports the results of numerical calculations that were carried out for studying the
experimentally found unique features of DPP transfer among a small number of NPs.

2. Review of experimental results

This section reviews experiments conducted to improve the optical/electrical energy conversion
efficiency of a silicon photodiode (Si-PD: Hamamatsu Photonics K.K., Si photodiode S2388: Active
surface area 5.8 mm x 5.8 mm) [13,14]. As schematically explained by Fig. 1(a), small and large
NPs (NPs and NPr) were used, which were made of CdSe spherical particles. Their average diameters
were 2.0 nm and 2.8 nm, respectively. These NPs were dispersed in a mixed solution of toluene and
an ultraviolet (UV)-curable resin. The volume density of the dispersed NPs was controlled so that the
average distance between NPs was around 40 nm. Half of the Si-PD surface was spin-coated with a
resin containing a mixture of NPs and was cured by UV radiation, whereas the other half of the surface
was coated with the same resin without the NP mixture. Fppp and Fy in Fig. 1(a) represent the cured
resin films on the Si-PD surface with and without the NPs, respectively. After the DPP transfers from
NPs to NPL in Fppp and creates an exciton in the higher energy level of NPy, the exciton relaxes to
the lowest energy level to emit a photon. It should be noted that the energy of this photon is red-
shifted” due to the relaxation of the exciton.
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Fig. 1 A silicon photodiode on which a cured resin film is coated.

(a) Cross-sectional profile.

(b), (c) Generated photocurrents (/ppp and Iy) by radiating input light onto the films Fppp and Fo, respectively.

By using a deuterium lamp and a halogen lamp (wavelength: 300—400 nm) as input light
sources, the photocurrents /ppp and /o, generated in the Si-PD under the films Fppp and Fo, respectively,
were measured. Since the Si-PD is sensitive to visible light, the photocurrent /ppp (Fig. 1(b)) is larger

than o (Fig. 1(c)). The rate of increase of the photocurrent is defined by
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An =Ty -1,)/1, - (1)
Figure 2 shows the measured value of Az [13,14], which shows that A7 is larger than 10 % when

the ratio n (= ng/ nL) between the numbers ng and n, of NPsand NPy is in the range of 2—6. This

drastic increase and the unique dependence on n are typical off-shell scientific phenomena that have
never been observed in the case of conventional on-shell scientific methods. The following sections

analyze these phenomena by employing an oft-shell scientific QW numerical calculation.

0.3

0.2
An

0.1

0 2 4 6 8 10

Fig. 2 Measured values of the rate of increase A7 of the photocurrent.

The horizontal axis is the ratio 7 between the numbers of NPs and NP;.

(*) This is conversion from UV to visible light energy. It has been advantageously used not only to improve
optical/electrical energy conversion efficiency but also to protect the Si-PD surface from deterioration induced by UV

exposure [13,14].

3. A blown-up quantum walk model

This section presents a QW model for analyzing the unique features of the DPP transfer from NPs to
NPy.. Here, the optical/electrical energy conversion process in Fig. 1 does not have to be included in
this model because this conversion occurs after the DPP transfer completes.

Figure 3 schematically explains how to apply the incident light (input signal) to Fppp in Fig.
1 and generate the emitted light (output signal). The DPP transfer in the three-dimensional Fppp is
modelled by two-dimensional arrangements of NPs and NP in Fig. 4, in which n NPs (white circles

) are arranged around one NPy (gray circle @). A DPP is created at these NPss by light irradiation

(an input signal) and transfers to the NPL. Since the different-sized NPs and NPL were used in the
experiment only to allow the exciton to relax to the lowest energy level of NPr and since the relaxation
process is unrelated to the DPP transfer from NPs to NPy, this size difference does not have to be

considered in the present QW model.
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Fig. 3 How to apply the incident light (input signal) to Fppp and generate the emitted light (output signal).
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Fig. 4 Two-dimensional arrangements of NPs and NP..
They are represented by white circles (O) and a gray circle (@), respectively.

(a)-(e)are for n=2-6.
The two-dimensional QW model of the arrangements in Fig. 4 has been formulated for
calculating the intensity of a generated output signal [15]. In this model, in the case of Fig. 4(c)
(n=4), as an example, the sites for four input signals (white circles O) are blown up, and four

internal sites are attached. They are represented by small black circles on the circumferences of the
white circles in Fig. 5. These attachments are to establish routes of transfer in and out of the DPP

(represented by a pair of curved arrows). These internal sites are also attached to the blown-up site

for the output signal (gray circle in Fig. 5). Finally, a side cycle (a closed loop represented by an



oo -shaped thick gray curve in Fig. 5) is selected to identify the DPP transfer route that passes through
both the internal sites for input and output signals. Such internal sites and side cycle are attached also
to the arrangements in Figs. 4(a), (b), (d), and (e). Their details are described in Ref. [15].

Fig. 5 Schematic explanation of a blown-up quantum walk model.
Internal sites are represented by small black circles on the circumferences of the four white circles and a gray circle.

The closed loop is a side cycle that is represented by an 00 -shaped thick gray curve.

In order to represent the experimentally observed phenomenon of photon breeding with
respect to photon momentum [10], it is assumed that the DP-phonon coupling constant 4 [5] takes
different values for the DP that hops along the directions parallel ( y,) and anti-parallel ( y,) to that

of the incident light propagation. That is, the possibility of photon breeding occurring is assumed to
be higher in the case of y, > y, than that of y, < y,. The difference between these constants is

represented by introducing a parameter & into
af . =(1+2)/1-2). @)

For comparing with the case of y, < y,, the value of & is allowed to vary in the range of

~l<e<l. 3)
From the QW model constructed above, Ref. [15] derived the stationary value P, of the

output signal intensity, which was the value realized a sufficiently long time after the input signal was
applied (refer to Fig. 10(a) in Section 5). The results demonstrated the following unique off-shell
scientific features of the DPP transfer:

(1) P, increases with increasing n and asymptotically approaches (1 + 8)2.

(2) P, i1s1lat n=2,which is independent of ¢.
(3) P, for n=3 isequaltothatfor n=6.
(4) P, 1s1inthe case of & =0, which is independent of ».

(5) P, isindependent of y/J,where J isthe hopping energy of the DP [5].



4. Results of numerical calculations

Numerical calculations were carried out by referring to the theoretical results (1)—(5) in Section 3.
Figure 6 shows the calculated relation between n(= 2-12) and P. Here, the value y/J was
fixed at 1 by referring to (5) in Section 3. Figs. 6(a)-(c) and (e)-(g) are the relations for & >0

(x,>x,) and for £<0 (g, <y,), respectively. Figure 6(d)is for ¢=0 (y, =z,).
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Fig. 6 Calculated relation between n and F.

The value y/J was fixed at 1.
(a)-(c) £=0.600,0.923, and 0.981 ( ¥,/ x,=2,5,and 10).(d) €=0 (y,/x, =1.

(e)-(g) &£=-0.981,-0.923, and -0.600 ( g,/ x, =0.1,0.2, and 0.5).

Figure 7 shows the relation between y,/y, inEq. (2)and S, .Here, S, and S, arethe

sums of P, in Fig. 6 over n=2-6 and n=2-12, respectively. This figure indicates that the

value S, is small when x,/x, <l. However, it increases rapidly with increasing y,/y, when

2/x,>1.As aresult, S, takes a large value in the case of  , > y,. This result agrees with the

experimental result for photon breeding with respect to photon momentum.
In Figs. 6(a)-(c), P, increases with increasing n while varying in a pulsatory manner, as

schematically explained by the broken curve and white circles in Fig. 8(a), respectively. (For
comparison, Figs. 6(e)-(g) show that P, decreases with pulsatory variations, as explained by Fig.

8(b).) Increases in Figs. 6(a)-(c) and Fig. 8(a) represent the typical on-shell scientific feature because
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P, often increases with increasing number of NPs in a macroscopic-sized system composed of a
large number of NPs. In contrast, the pulsatory variation, which is conspicuously seen in the case of
a small number n, is the off-shell scientific feature of the microscopic-sized system. In order to
analyze this pulsatory feature, the magnitude of deviation of the white circle from the broken curve
in Fig. 8(a) is defined by

|Pos(”)_Pos(”_l)|
Fos(n)+ Fys(n—1) '

APos (”) = 4)

Figure 9(a) is the calculated result for ¢ > 0. It shows that Ap g (n) takes a large value in

the range of n =4-6, which agrees with the experimental results in Fig. 2, and thus, the correlation

with photon breeding with respect to photon momentum is confirmed’. For comparison, Fig. 9(b)

shows the results for ¢ <0, in which the value of Ap (n) shows a complicated dependency on

n. Especially for & =-0.981, it takes large values at n=4, 5, 8, 9, and 12. It originates from very

small values of P (Figs. 6(a)-(c) and 7) due to the low probability of photon breeding occurring.
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Fig. 7 Relation between y,/y, and S, .
S, and S|, arethe sumsof P inFig.6over n=2-6 and n=2-12, respectively.
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Fig. 8 Schematic explanation of the variations (broken curves) of F, ¢ and pulsatory deviation (white circles) from the
broken curves.

(a) and (b) are for the case of & >0 and & <0, respectively.
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Fig. 9 Relation between 7 and Apq (n) .

(a) For the case of & > 0. White circles and squares are for &=+0.981 and +0.600, respectively.
(b) For the case of & < 0. White circles and squares are for &=-0.981 and -0.600, respectively.

(*) Figure 9(a) shows that Apos (n) takes a distinctly large value at 7 =3 . Since it originates from feature (2) in

Section 3, further studies on the QW model are required to explore this origin.

5. Discussion

In Fig. 9(a), large values of Apq (n) in the range n = 4 -6 imply that the phenomena occurring in

a microscopic system composed of a small number n are very different from those in a macroscopic
system. Although the macroscopic phenomena follow the popular on-shell scientific principle of least
action, the large values in Fig. 9(a) mean that the DPP in the microscopic system is free from this
principle and can transfer in an autonomous manner. Such autonomous transfer has been implied by
a variety of experimental results on DPPs, including the experimental results in Fig. 2 [11].

In further studies on the autonomous transfer, it could be advantageous to analyze the
temporal variation of the output signal intensity P,(¢) in the transient time period that starts

immediately after the input signal is applied to the system. Figure 10(a) shows the profile of P, (¢).
Figures 10(b) and (c) show the calculated time ¢ required to converge to the stationary value P,
for £€>0 and for ¢ <0, respectively. This time 7 depends on n for ¢>0 (Fig. 10(b)). In
contrast, it is independent of n for & <0 (Fig. 10(c)). Calculations also found that the time ¢
depended on the value of y/J , which is different from feature (5) in Section 3.

Furthermore, within the transient time period (¢ <t¢;), F,(#) pulsates in the case of & >0,
and can take a larger value (white square in Fig. 10(a)) than P . This pulsatory variation feature
implies that the DPP tries to find the transfer routes in Fig. 5 in a unique manner to autonomously fix
the optimum route to the NPL. To investigate this further, temporal variations of the DPP creation

probabilities should be evaluated more quantitatively, not only for the output terminal NPy but also
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for each NPs.

Since the positions and sizes of NPs and NP. can fluctuate when they are dispersed in the
UV-curable resin in Fig. 1(a) [16], the QW model in Figs. 4 and 5 should be slightly modified by
taking these fluctuations into account. Furthermore, it may be advantageous to replace the two-
dimensional model in Fig. 4 by a three-dimensional one [10]. More accurate comparisons between

calculated and experimental results are expected by doing so.
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Fig. 10 Temporal variation of the output signal intensity P, (#) .
(a) Profile of £, (¢) for n=5and &=+0.981. t, represents the time required to converge to the stationary value
P, . The white square represents the value at the peak of the pulsatory variation, which is larger than F.
(b) For the case of & > 0. White and black circles are for &=+0.981 and +0.923, respectively.
(c) For the case of & < 0. White and black circles are for £=-0.981 and -0.923, respectively.

6. Summary

This paper reported the results of numerical calculations of the output signal intensity emitted from a
nanometer-sized particle (NP: output terminal), which was located at the center of surrounding NPs
(input terminals). A blown-up quantum walk model was used for these calculations, and the results
indicated that the output intensity increased with increasing number of surrounding NPs. However,
when this number was as small as 4-6, the intensity deviated from this trend and showed a drastic
increase. This agreed with the experimental results. This deviation implied that the DPP autonomously
transferred in a microscopic system composed of a small number of NPs, which is a typical off-shell

scientific phenomenon.
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